1. Introduction {#sec1}
===============

The ability of bone for repair and regeneration has long been recognized \[[@bib1]\]. It involves a complex dynamic equilibrium between breaking down of old bone and regeneration of new bone \[[@bib2]\]. This process is essential for bone to resume its usual functions of load bearing, mobility, protection, hematopoiesis, and endocrine homeostasis \[[@bib3]\]. However, once beyond a critical defect size, spontaneous repair and regeneration of bone is limited \[[@bib4]\]. These can be a result of various conditions, including trauma such as fractures, degeneration such as osteoporosis, congenital deformities, tumor resections, and idiopathic conditions such as osteonecrosis \[[@bib4]\].

These are extremely common orthopedic conditions \[[@bib5], [@bib6], [@bib7]\]. Approximately 12.3 million individuals in the United States are expected to have osteoporosis, and approximately 150,000 hospitalizations in Australia are secondary to fractures each year \[[@bib5],[@bib6]\]. Failure of bone regeneration in these conditions can then lead to non-union, increased propensity for fragility fractures, deformities, and chronic pain. Management of the non-union, fragility fractures, deformities, and chronic pain often requires invasive surgical management, in the form of surgical fixation, bone grafting, bone lengthening, and arthroplasties \[[@bib7], [@bib8], [@bib9], [@bib10]\]. Apart from the surgical risks of the procedures, these procedures also pose a huge economic burden including that of USD41 billion for fragility fractures and USD11,000 for fracture non-unions per annum \[[@bib11],[@bib12]\].

Multiple sources of bone grafts and substitutes have been sought after as a solution to these critical-size defects \[[@bib13]\]. Among ​these, autogenous bone grafts exhibit the best osteogenic potential and is usually considered the gold standard \[[@bib14]\]. However, the limited supply of autogenous bone graft and the morbidity associated with autograft harvesting has restricted its use \[[@bib14]\]. Allografts were therefore introduced, with advantages including its availability and lack of donor-site morbidity \[[@bib15]\]. Despite so, the possible infection risk and reduced osteogenic and osteoinductive capabilities of allograft as a result of its sterilization and storage processes ​have called for the need of alternatives \[[@bib15],[@bib16]\]. Other bone substitutes including hydroxyapatite (HAp), tricalcium phosphate (TCP), calcium sulphate, demineralized bone matrix, and bone morphogenetic proteins (BMPs) have therefore been extensively studied \[[@bib16]\]. However, no ideal bone substitute has been identified thus far, with disadvantages of the bone substitutes having poor mechanical strength, variable rates of resorption, and limited osteogenic and osteoinductive properties \[[@bib16]\].

Mesenchymal stromal/stem cells (MSCs) with their ease of isolation from adult tissues ​and extensive capacities for proliferation and differentiation into various cell lineages are presently the most tested regenerative cell type. There exist more than 1,000 registered clinical trials (<https://www.clinicaltrials.gov>. Accessed May 20, 2020) with their efficacy reported against a wide variety of injuries and diseases, coupled with an established safety record in human patients \[[@bib17]\]. In bone regeneration, several clinical studies have demonstrated MSCs to be safe and efficacious for the treatment of bone defects and diseases such as osteonecrosis \[[@bib18], [@bib19], [@bib20], [@bib21], [@bib22]\]. Despite their therapeutic effects, cellular MSC therapies incur significant costs and challenges as they require stringently monitored manufacturing, handling, and storage to ensure optimal viability and potency of cells needed for transplantation \[[@bib23]\]. Although the use of MSCs for tissue repair such as bone regeneration was first predicated on the hypothesis that these cells could differentiate into osteoblasts to replace the damaged tissue, it is now apparent that MSCs secrete factors involved in cellular processes such as chemotaxis, angiogenesis, and osteogenesis to promote overall bone regeneration \[[@bib24],[@bib25]\]. In corroboration with this hypothesis, in vitro studies demonstrated that MSCs secrete factors to promote angiogenic factor expression and tube formation of endothelial cells \[[@bib26]\], as well as osteogenic differentiation and mineralization of MSCs \[[@bib27]\].

Among the numerous trophic factors secreted by MSCs, extracellular vesicles (EVs) particularly the exosomes are cell-secreted bi-lipid membrane vesicles of 30--150 ​nm in size. These nanovesicles are commonly prepared from medium conditioned by MSCs and are defined by their endosomal origin with the expression of endosomal proteins TSG101 and ALIX ​and tetraspanins CD9, CD63, and CD81 \[[@bib28]\]. They carry a rich diverse cargo of nucleic acids, proteins, and lipids that upon delivery to the recipient cells elicit biological responses reflective of the cargo contents \[[@bib28]\]. Increasingly, MSC exosomes have replicated the wide-ranging therapeutic efficacies of MSCs in several injury and disease indications such as myocardial ischemia reperfusion injury \[[@bib29]\], drug-induced liver injury \[[@bib30]\], retinal laser injury \[[@bib31]\], pulmonary hypertension \[[@bib32]\], and graft-versus-host-disease \[[@bib33],[@bib34]\]. MSC exosomes were also reported to be efficacious in enhancing skeletal muscle regeneration \[[@bib35],[@bib36]\] ​and more recently cartilage \[[@bib23],[@bib37], [@bib38], [@bib39], [@bib40]\] and bone regeneration \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

The current systematic review aims to summarize the results of the existing in vivo studies which were conducted to evaluate the therapeutic efficacy of MSC exosomes for bone regeneration. In view that current EV preparations are largely heterogeneous, International Society for Extracellular Vesicles recommends the use of a collective term 'EVs' unless the biogenesis pathway is demonstrated \[[@bib64]\]. Information on the size, biochemical composition, and description of cell origin and culture conditions are also encouraged to be included. In this systematic review, 'exosome' is used to describe a population of small EVs of 50--200 ​nm in size derived from MSC conditioned medium ​based on expression of typical markers without further demonstration of their intracellular biogenesis origin and/or purity \[[@bib64],[@bib65]\].

2. Materials and methods {#sec2}
========================

2.1. Systematic review {#sec2.1}
----------------------

The systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis ​guidelines. A search was conducted using PubMed and The Cochrane Library through April 21, 2020. The keywords used were 'exosome(s) or secretome(s)' and 'cartilage or bone'. All original animal studies that reported the outcomes of MSC exosomes in bone regeneration were included. The articles were selected in two stages. First, the abstracts identified were downloaded, and the list was narrowed using the inclusion or exclusion criteria. Second, the full texts of this list were retrieved and evaluated for eligibility. The reference lists of the identified publications were hand-searched for additional relevant studies, and these were subject to the same two-stage selection ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1PRISMA flow diagram of the review and selection of studies. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analysis.Fig. 1

2.2. Assessment of quality of studies {#sec2.2}
-------------------------------------

The studies included were examined for the study design. The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias assessment tool is used to assess the risk of bias for the studies \[[@bib66]\].

2.3. Data abstraction {#sec2.3}
---------------------

Data of each study were retrieved individually. These include the study design and outcomes of the study. Details noted regarding the study design included the sample size, the gender and species of the animals, the animal model used, the exosome characterization performed, the comparison groups within each study, and the details of the treatment for each group. Details noted for characterization of MSC exosomes included the isolation method, storage condition, size, and marker expression of the exosomes. The details of the treatment noted included the source of exosomes or control, the concentration, volume, delivery, and frequency of treatment, as well as the timing of animal euthanasia. All outcomes of the in vivo studies were noted both qualitatively and quantitatively where available. Effects of MSC exosomes on cell survival, proliferation, migration, osteogenesis, and angiogenesis were also evaluated ([Fig. 2](#fig2){ref-type="fig"}). Attempts were made to contact authors of the paper when certain details of the studies were not reported in the papers.Fig. 2Key factors and outcomes identified in preclinical studies of MSC exosomes for bone regeneration. MSC, mesenchymal stem cell; HA, hyaluronic acid; HAp, hydroxyapatite; β-TCP, beta-tricalcium phosphate; PLGA, poly-lactic-*co*-glycolic acid.Fig. 2

2.4. Data analysis {#sec2.4}
------------------

Outcomes of the studies were largely evaluated qualitatively because there were insufficient quantitative data across the studies for pooling of the data quantitatively.

3. Results {#sec3}
==========

3.1. Systematic review {#sec3.1}
----------------------

A total of 23 studies were included in the review \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. The studies were published from 2016 with a rapidly growing trend ([Fig. 3](#fig3){ref-type="fig"}). This included a sample size of 690 rats or mice and 38 rabbits \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. The number of rats or mice included in the studies by Li et al. and Yang et al. was not included in the total sample size calculated as they were not reported in their papers \[[@bib49],[@bib58]\].Fig. 3Bar chart showing the number of the published studies included in the systematic review sorted by the year of publication.Fig. 3

The details of each study were described in [Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}. [Table 1](#tbl1){ref-type="table"} detailed the sample size, gender and species of animals, and the animal model used. [Table 2](#tbl2){ref-type="table"} detailed the isolation method, storage, size, and marker expression of MSC exosomes. [Table 3](#tbl3){ref-type="table"} detailed the comparison groups, treatment, concentration, volume, scaffold, delivery route and frequency, and timing of euthanasia for the animals within each study. [Table 4](#tbl4){ref-type="table"} detailed the summary of key therapeutic outcomes reported in each paper.Table 1Summary of characteristics of animal models used.Table 1AuthorYearSample sizeGenderAnimalAnimal modelChen \[[@bib41]\]201936MaleSD ratsCalvarial defect with 5 ​mm diameter was constructed using a trephine bur under low-speed drillingFuruta \[[@bib42]\]201677MaleC57BL/6 mice (WT and CD9^−/−^)Transverse femoral shaft fracture was generated using a C-shaped instrument by applying three-point bendingGuo \[[@bib43]\]201660FemaleSD ratsGlucocorticoid-induced osteonecrosis of the femoral head was achieved using intramuscular methylprednisolone injectionsJia \[[@bib44]\]202024MaleSD ratsDistraction osteogenesis model was created with transverse tibial osteotomy fixed with an external fixator and distraction performedKuang \[[@bib45]\]201918FemaleSD ratsGlucocorticoid-induced osteonecrosis of the femoral head was achieved using intramuscular methylprednisolone injectionsLi \[[@bib46]\]201718BothNZ rabbitsSteroid-induced osteonecrosis of the femoral head was achieved using three intramuscular methylprednisolone injectionsLi \[[@bib47]\]201824MaleBALB/c mice4 ​mm diameter critical-sized defect was made at the calvarium with a trephine burLi \[[@bib48]\]201920MaleSD ratsSteroid-induced osteonecrosis of the femoral head achieved using prednisolone acetate intraperitoneal injectionLi \[[@bib49]\]2020NRMaleNude mice (BALB/c)4 ​mm diameter critical-sized calvarial defects were created using a sterile dental drillLiang \[[@bib50]\]201930MaleSD ratsTwo 5-mm diameter critical-sized calvarial defects were created on each side of the cranium using a dental trephineLiao \[[@bib51]\]201920NRNZ rabbitsOsteonecrosis of the femoral head achieved by freezing the upper end of the femoral head using gauze dipped in liquid nitrogen and then rewarmed in warm salineLiu \[[@bib52]\]201740MaleSD ratsOsteonecrosis of the femoral head achieved by methylprednisolone acetate intramuscular injectionLiu \[[@bib53]\]202024NRMiceMid-diaphyseal femoral fracture was created by bone forcepsQi \[[@bib54]\]201627FemaleSD ratsTwo bilateral 5 ​mm diameter critical-sized calvarial defects were created using a dental trephine in ovariectomised ratsTakeuchi \[[@bib55]\]201924MaleWistar ratsTwo critical-sized defects of 5 ​mm diameter were made in the calvarial bone using a trephine drillXu \[[@bib56]\]201970NRSD ratsTraumatic osteonecrosis of the femoral head achieved by stripping the basal periosteum and fibrous fold of the femoral neckXu \[[@bib57]\]202036MaleSD ratsMiddle femoral fracture was made using a bone forcepsYang \[[@bib58]\]2020NRNRSD ratsDisuse osteoporosis was induced by hind limb unloading and a head-down tail suspension to simulate immobilizationZhang \[[@bib59]\]201618NRSD ratsTwo critical-sized 5 ​mm diameter calvarial defects were created on each side of the cranium using dental trephineZhang \[[@bib60]\]201948MaleWistar ratsTransverse femoral shaft fracture created using a transverse osteotomy in the middle diaphysis of the right femurZhang \[[@bib61]\]202060MaleWistar ratsTransverse femoral osteotomy performed, reduced, and fixed with 0.4 ​mm blade at fracture site to create non-unionZhou \[[@bib62]\]201924MaleSD ratsFemoral fracture created by cutting the femoral shaft using a dental saw and aligning the fracture site via a Kirschner wireZuo \[[@bib63]\]201930FemaleSD ratsBone loss induced by 16 ​Gy irradiation at the knee joint[^1]Table 2Isolation method, storage, size, and marker expression of MSC exosomes.Table 2AuthorYearOrigin/SourceIsolation methodStorageCharacterizationSize distributionEV/Exosome markersChen \[[@bib41]\]2019Human adipose MSC exosomesUltracentrifugationNRNTA, WB, TEM∼75 ​nmCD9, CD63Furuta \[[@bib42]\]2016Human BM-MSC exosomesUltracentrifugationNRWB, high-resolution frequency transmission electric-field imaging∼80 ​nmCD9, CD81, flotillin-1Guo \[[@bib43]\]2016Human synovial MSC exosomesUltrafiltration ​+ ​Sucrose ​+ ​Ultracentrifugation−80°CDLS analysis, WB, TEM30--100 ​nmCD9, CD63, CD81, TSG101Jia \[[@bib44]\]2020Rat BM-MSCsUltracentrifugation−80°CTRPS analysis, TEM, WB60--130 ​nmCD9, CD63, TSG101Kuang \[[@bib45]\]2019Human Wharton\'s jelly UC-MSC exosomesexoEasy Maxi Kit, Qiagen−80°CDLS analysis, TEM, WB30--100 ​nmCD9, CD63, CD81, TSG101Li \[[@bib46]\]2017Rabbit BM-MSC exosomesTotal Exosome Isolation Kit, InvitrogenNRTRPS analysis, TEM, WB75--150 ​nmCD9, CD63, CD81Li \[[@bib47]\]2018Human adipose stem cell exosomesUltracentrifugationNRNTA, TEM, WB33--177 ​nmCD9, CD63Li \[[@bib48]\]2019Human UC-MSC exosomesUltracentrifugationNRTEM, WB50--80 ​nmCD9, CD63, CD81Li \[[@bib49]\]2020Human iliac bone marrow MSC exosomes\
Human jawbone marrow MSC exosomesUltracentrifugationNRNTA, TEM, WB∼100 ​nmCD63, ALIXLiang \[[@bib50]\]2019Human BM-MSC exosomesUltracentrifugation−80°CTRPS analysis, TEM, WB80--182 ​nmCD9, CD63, TSG101, GM130Liao \[[@bib51]\]2019Rabbit BM-MSC exosomesUltracentrifugationNRNTA, TEM, WB90--150 ​nmCD63, TSG101, HSP70Liu \[[@bib52]\]2017Human iPSC-MSC exosomesUltracentrifugation ​+ ​UltrafiltrationNRTRPS analysis, TEM, WB50--100 ​nmCD8, CD63, CD81Liu \[[@bib53]\]2020Human UC-MSC exosomesUltrafiltration ​+ ​Sucrose ​+ ​Ultracentrifugation−80°CNTA, TEM, WB50--150 ​nmCD9, CD63, CD81, TSG101Qi \[[@bib54]\]2016Human iPSC-MSC exosomesUltrafiltration ​+ ​Sucrose ​+ ​UltracentrifugationNRTRPS analysis, WB50--150 ​nmCD9, CD63, CD81Takeuchi \[[@bib55]\]2019Human BM-MSC exosomesUltracentrifugation−80°CNTA, TEM, WB80--100 ​nmCD9, CD63, CD81Xu \[[@bib56]\]2019Human BM-MSC exosomesTotal Exosome Isolation Kit, InvitrogenNRNTA, TEM, WB30--100 ​nmCD9, CD63, CD81Xu \[[@bib57]\]2020Rat BM-MSC exosomesUltrafiltration ​+ ​Sucrose ​+ ​Ultracentrifugation−80°CNTA, TEM, Flow cytometry50--150 ​nmCD63, CD81Yang \[[@bib58]\]2020Human UC-MSC exosomesUltracentrifugation−80°CNTA, TEM, WB100--150 ​nmCD9, CD63, CD81, ALIXZhang \[[@bib59]\]2016Human iPSC-MSC exosomesUltrafiltration ​+ ​Sucrose ​+ ​Ultracentrifugation−80°CTRPS analysis, TEM, WB50--150 ​nmCD9, CD63, CD81Zhang \[[@bib60]\]2019Human UC-MSC exosomesUltracentrifugationNRNTA, TEM, WB∼100 ​nmCD9, CD63, CD81Zhang \[[@bib61]\]2020Rat BM-MSC exosomesUltracentrifugationNRNTA, TEM, WB∼122 ​nmCD9, CD63, CD81Zhou \[[@bib62]\]2019Human UC-MSC exosomesUltracentrifugationNRTEM, WB30--100 ​nmCD9, CD63, CD81Zuo \[[@bib63]\]2019Rat BM-MSC exosomesUltracentrifugation−80°CTEM, WB40--100 ​nmCD63, CD81, TSG101[^2]Table 3Summary of animal studies and treatment parameters.Table 3AuthorYearGroup/treatmentConcentrationVolumeDelivery routeFrequencyEuthanasiaChen \[[@bib41]\]20191. HA/HAp/HP hydrogel loaded with exosomes isolated from miR-375-overexpressing human adipose MSCs50 ​μg/mL20 ​μL ​+ ​250 ​μL hydrogelImplantationAt day 03 days, 2, 4 and 8 weeks2. HA/HAp/HP hydrogel loaded with exosomes isolated from human adipose MSCs expressing the control vector50 ​μg/mL20 ​μL ​+ ​250 ​μL hydrogelImplantationAt day 03 days, 2, 4 and 8 weeks3. HA/HAp/HP hydrogelNA250 ​μLImplantationAt day 03 days, 2, 4 and 8 weeks4. No treatmentNANANANA3 days, 2, 4 and 8 weeksFuruta \[[@bib42]\]20161. Injection of human BM-MSC exosomes into CD9−/− miceNR100 ​μLInjection into fracture siteAt day 1 and 86 weeks2. Injection of human BM-MSC exosomes into WT miceNR100 ​μLInjection into fracture siteAt day 1 and 86 weeks3. Injection of human BM-MSC CM into CD9−/− miceNR100 ​μLInjection into fracture siteAt day 1 and 86 weeks4. Injection of human BM-MSC CM into WT miceNR100 ​μLInjection into fracture siteAt day 1 and 86 weeks5. Injection of human BM-MSC CM (exosome-depleted) into CD9−/− miceNA100 ​μLInjection into fracture siteAt day 1 and 86 weeks6. Injection of human BM-MSC CM (exosome-depleted) into WT miceNA100 ​μLInjection into fracture siteAt day 1 and 86 weeks7. Injection of PBS into CD9−/− miceNA100 ​μLInjection into fracture siteAt day 1 and 86 weeks8. Injection of PBS into WT miceNA100 ​μLInjection into fracture siteAt day 1 and 86 weeks9. Injection of exosomes derived from the human osteosarcoma cell line into CD9−/− miceNR100 ​μLInjection into fracture siteAt day 1 and 86 weeksGuo \[[@bib43]\]20161. Exosomes from human synovial MSCs1 ​× ​10^11^ particles200 ​μLIntravenous injectionAt day 03 days, 6 weeks2. PBSNA200 ​μLIntravenous injectionAt day 03 days, 6 weeks3. Normal groupNANANANA3 days, 6 weeksJia \[[@bib44]\]20201. Exosomes from rat BM-MSCs1 ​× ​10^10^ particles100 ​μLInjection into distraction gapWeekly7 weeks2. PBSNA100 ​μLInjection into distraction gapWeekly7 weeksKuang \[[@bib45]\]20191. Exosomes from human Wharton\'s jelly UC-MSCsNR100 ​μgIntramuscular injectionDaily for 5 weeks10 weeks2. Exosomes from human Wharton\'s jelly UC-MSCs and miR-21 antagomirNR100 ​μgIntramuscular injectionDaily for 5 weeks\
Weekly for miR-2110 weeks3. miR-21 agomirNR10 ​μMIntramuscular injectionWeekly10 weeks4. No treatmentNANANANA10 weeks5. Normal groupNANRIntramuscular injectionDaily for 5 weeks10 weeksLi \[[@bib46]\]20171. Exosomes from rabbit BM-MSCs transfected with WT HIF-1α adenovirus80 ​μg/mL0.5 ​mLInjection into femoral headAt day 06 weeks2. Exosomes from rabbit BM-MSCs transfected with mutant HIF-1α adenovirus80 ​μg/mL0.5 ​mLInjection into femoral headAt day 06 weeks3. PBSNANRInjection into femoral headAt day 06 weeksLi \[[@bib47]\]20181. PLGA/pDA scaffold immobilised with exosomes from human adipose stem cells1 ​μg/μL250 ​μLImplantationAt day 06 weeks2. PLGA/pDA scaffoldNANAImplantationAt day 06 weeks3. PLGA scaffoldNANAImplantationAt day 06 weeksLi \[[@bib48]\]20191. HyStem-HP hydrogel with exosomes from human UC-MSCs100 μg/150 ​μL150 ​μLInjection into femoral headAt day 03 weeks2. No treatmentNANANANA3 weeksLi \[[@bib49]\]20201. PLGA scaffold loaded with human BM-MSCs from ilium cultured with exosomes from human BM-MSCs from iliumNRNRImplantationAt day 012 weeks2. PLGA scaffold loaded with human BM-MSCs from ilium cultured with exosomes from human BM-MSCs from jawboneNRNRImplantationAt day 012 weeks3. PLGA scaffold loaded with exosomes from human BM-MSCs from iliumNRNRImplantationAt day 012 weeks4. PLGA scaffold loaded with exosomes from human BM-MSCs from jawboneNRNRImplantationAt day 012 weeks5. PLGA scaffoldNANAImplantationAt day 012 weeksLiang \[[@bib50]\]20191. HAp scaffold with exosomes from human BM-MSCs0.5 ​μg/μL200 ​μLImplantationAt day 08 weeks2. HAp scaffold with exosomes from human BM-MSCs preconditioned with DMOG0.5 ​μg/μL200 ​μLImplantationAt day 08 weeks3. HAp scaffold with PBSNA200 ​μLImplantationAt day 08 weeksLiao \[[@bib51]\]20191. Exosomes from rabbit BM-MSCs transfected with miR-122-5p negative controlNRNRIntravenous injectionAt day 08 weeks2. Exosomes from rabbit BM-MSCs transfected with miR-122-5p agomirNRNRIntravenous injectionAt day 08 weeksLiu \[[@bib52]\]20171. Exosomes from human iPSC-MSCs1 ​× ​10^10^ or 10^11^ particles/mL100 ​μLIntravenous injectionAt day 03 weeks2. Control mediumNA100 ​μLIntravenous injectionAt day 03 weeks3. No treatmentNANANANA3 weeks4. Normal groupNANANANA3 weeksLiu \[[@bib53]\]20201. Exosomes from human UC-MSCs cultured in normoxic condition1 ​μg/μL200 ​μLInjection near fracture siteAt day 07 days2. Exosomes from human UC-MSCs cultured in hypoxic condition1 ​μg/μL200 ​μLInjection near fracture siteAt day 07 days3. PBSNA200 ​μLInjection near fracture siteAt day 07 daysQi \[[@bib54]\]20161. β-TCP scaffold with exosomes from human iPSC-MSCs100 μg/scaffoldNAImplantationAt day 08 weeks2. β-TCP scaffold with exosomes from human iPSC-MSCs200 μg/scaffoldNAImplantationAt day 08 weeks3. β-TCP scaffoldNANAImplantationAt day 08 weeksTakeuchi \[[@bib55]\]20191. Atelocollagen sponge with exosomes from human BM-MSC CMNR30 ​μgImplantationAt day 02, 4 weeks2. Atelocollagen sponge with exosomes from human BM-MSC CM and anti-VEGFA antibodyNR30 ​μgImplantationAt day 02, 4 weeks3. Atelocollagen sponge with human BM-MSC CMNRNRImplantationAt day 02, 4 weeks4. Atelocollagen sponge with PBSNANRImplantationAt day 02, 4 weeks5. No treatmentNANANANA2, 4 weeksXu \[[@bib56]\]20191. Exosomes from human BM-MSCsNR400 ​μgIntramuscular injectionAt day 16 weeks2. Exosomes from human BM-MSCs with negative controlNR400 ​μgIntramuscular injectionAt day 16 weeks3. Exosomes from human BM-MSCs with miR-224-3p mimicNR400 ​μgIntramuscular injectionAt day 16 weeks4. Exosomes from human BM-MSCs with inhibitor negative controlNR400 ​μgIntramuscular injectionAt day 16 weeks5. Exosomes from human BM-MSCs with miR-224-3p inhibitorNR400 ​μgIntramuscular injectionAt day 16 weeks6. No treatmentNANANANA6 weeks7. Normal groupNANANANA6 weeksXu \[[@bib57]\]20201. Exosomes from 4-week old rat BM-MSCs1 ​μg/μL200 ​μLInjection near fracture siteAt day 02, 3, 4 weeks2. Exosomes from 72-week old rat BM-MSCs1 ​μg/μL200 ​μLInjection near fracture siteAt day 02, 3, 4 weeks3. PBSNA200 ​μLInjection near fracture siteAt day 02, 3, 4 weeksYang \[[@bib58]\]20201. Exosomes from human UC-MSCsNRNRIntramuscular injectionNR8 weeks2. Exosomes from human UC-MSCs and miR-1263 inhibitorNRNRIntramuscular injectionNR8 weeks3. miR-1263 mimicsNRNRIntramuscular injectionNR8 weeks4. PBSNANRIntramuscular injectionNR8 weeks5. Normal controlNANAIntramuscular injectionNA8 weeksZhang \[[@bib59]\]20161. β-TCP scaffold with exosomes from human iPSC-MSCs5 ​× ​10^11^ particles/mL100 ​μLImplantationAt day 08 weeks2. β-TCP scaffold with exosomes from human iPSC-MSCs1 ​× ​10^12^ particles/mL100 ​μLImplantationAt day 08 weeks3. β-TCP scaffold with PBSNA100 ​μLImplantationAt day 08 weeksZhang \[[@bib60]\]20191. HyStem-HP hydrogel with exosomes from human UC-MSCs100 ​μg/mLNRInjection near fracture siteAt day 02 weeks2. HyStem-HP hydrogel with exosomes from HEK293 ​cells100 ​μg/mLNRInjection near fracture siteAt day 02 weeks3. HyStem-HP hydrogel with PBSNANRInjection near fracture siteAt day 02 weeksZhang \[[@bib61]\]20201. Exosomes from rat BM-MSCs1 ​× ​10^10^ particles in 100 ​μL100 ​μLInjection into fracture siteAt day 08, 14, 20 weeks2. Exosome-depleted CM from rat BM-MSCsNA100 ​μLInjection into fracture siteAt day 08, 14, 20 weeks3. PBSNA100 ​μLInjection into fracture siteAt day 08, 14, 20 weeksZhou \[[@bib62]\]20191. HyStem-HP hydrogel with exosomes from human UC-MSCs1 ​μg/μL100 ​μLInjection into fracture siteAt day 02, 3 weeks2. HyStem-HP hydrogel with PBSNA100 ​μLInjection into fracture siteAt day 02, 3 weeks3. No treatmentNANANANA2, 3 weeksZuo \[[@bib63]\]20191. Irradiation and treatment with exosomes from rat BM-MSCs1.6 ​mg/kg400 ​μLIntravenous injectionAt day 04 weeks2. Irradiation and treatment with rat BM-MSCs1 ​× ​10^6^ ​cells400 ​μLIntravenous injectionAt day 04 weeks3. Irradiation and no treatmentNANANANA4 weeks4. No irradiation and no treatment (4 weeks)NANANANA4 weeks5. No irradiation and no treatment (day 0)NANANANAday 0[^3]Table 4Summary of key therapeutic outcomes.Table 4AuthorYearIn vivo outcomesIn vitro outcomesChen \[[@bib41]\]2019In a rat calvaria defect model, rats treated with miR-375-overexpressing human adipose MSC exosomes loaded in HA/HAp/HP hydrogel showed the greatest quantity of new bone formation with more mature osteoid, displayed the greatest increase in BV/TV and BMD, and had the most intense staining of OCN and BMP-2 and the least of IGFBP3, compared with rats treated with exosomes from MSCs expressing the control vector, followed by rats with hydrogel only.Exosomes from miR-375-overexpressing human adipose MSCs showed more potent effects than that of control MSCs in osteogenic differentiation of human BM-MSCs, with significantly higher ALP activity, calcium deposition, and osteogenic gene marker expression. These osteogenic effects were reduced in the presence of IGFBP3.Furuta \[[@bib42]\]2016Injections of human BM-MSC exosomes and CM into the fracture site enhanced callus formation and bony union in both CD9^−/−^ mice and WT mice. However, bony union was not enhanced by injection of exosome-depleted CM in both CD9^−/−^ mice and WT mice, with significantly longer time to union than those injected with exosomes and CM. Unlike MSC exosomes, the human OS exosomes failed to promote callus formation.Using a Bio-Plex system, SDF-1, MCP-1, and MCP-3 levels in MSC exosomes were significantly lower than the levels in CM and exosome-depleted CM. Assay of miRNAs further revealed that miR-4532, miR125b-5p, and miR338-3p were more abundantly expressed in MSC exosomes relative to human OS exosomes or exosome-depleted CM.Guo \[[@bib43]\]2016In rat model of glucocorticoid-induced osteonecrosis, rats treated with exosomes from human synovial MSCs had significantly reduced osteonecrotic changes as compared with rats treated with PBS. Rats treated with exosomes also had significantly improved bone structural parameters including increased BV/TV, Tb·Th and Tb·N, and decreased Tb·Sp as compared with PBS-treated rats. Histologically, osteonecrotic rats treated with exosomes displayed decreased TUNEL^+^ apoptotic cells, increased Ki67^+^ proliferative cells, and enhanced osteogenesis marked by increased OCN staining, as compared with PBS-treated rats.Human synovial MSC exosomes showed proliferative and antiapoptotic effects on BM-MSCs against dexamethasone-induced apoptosis.Jia \[[@bib44]\]2020Rats treated with exosomes from rat BM-MSCs had more callus in distraction gaps with improved BV/TV and BMD, greater ultimate load, and greater energy to failure compared with rats treated with PBS.Rat BM-MSC exosomes enhanced proliferation and osteogenic differentiation of BM-MSCs in a dose-dependent manner.Kuang \[[@bib45]\]2019Rats treated with exosomes from human Wharton\'s jelly UC-MSCs had well-arranged trabecular bone, significantly improved bone structural parameters including increased BV/TV, Tb·Th and Tb·N, and decreased Tb·Sp compared with rats treated with saline. Rats treated with exosomes had increased AKT phosphorylation as compared with rats treated with saline.Human Wharton\'s jelly UC-MSC exosomes exhibited anti-apoptotic and proliferative effects on MLO-Y4 osteocytes through the miR-21-PTEN-AKT pathway. These effects were partly abolished in the presence of miR-21 inhibitor.Li \[[@bib46]\]2017In a rabbit model of osteonecrosis of the femoral head, animals treated with HIF-1α overexpressing BM-MSC exosomes had reduced abnormality on MRI, enhanced trabecular tissue generation with more newly formed cartilage and bone, lesser necrotic and adipose tissues and higher density of CD31^+^ micro-vessels, as compared with rabbits treated with WT exosomes or rabbits treated with PBS.Relative to the WT exosomes, HIF-1α overexpressing MSC exosomes had a significantly higher HIF-1α protein level and were more potent in enhancing osteogenic differentiation of BM-MSCs, as well as migration and tube formation of HUVECs in a dose-dependent manner.Li \[[@bib47]\]2018In a mouse calvarial defect model, PLGA/pDA scaffold immobilized with human adipose stem cell exosomes promoted more new bone formation with more intense staining for RUNX2 and OCN than that of PLGA/pDA and PLGA scaffolds, possibly through enhanced mobilization of endogenous SSEA-4^+^/CD45^-^ MSCs.Exosomes from human adipose stem cells enhanced cellular migration, proliferation, and osteogenic differentiation of human BM-MSCs.Li \[[@bib48]\]2019In rat model of osteonecrosis of the femoral head, rats treated with human UC-MSC exosomes showed callus formation with more obvious trabecular structure, fewer enlarged adipocytes, significantly reduced TUNEL^+^ apoptotic cells, and elevated expressions of CD31, BMP-2, and VEGF as compared with rats without treatment.NRLi \[[@bib49]\]2020Nude mice treated with human BM-MSCs cultured with MSC exosomes had significantly more new bone formation compared with rats treated with MSC exosomes alone. Mice treated with iliac MSCs cultured with exosomes from jawbone marrow MSCs had more new bone formation with significantly higher BV/TV and BMD than mice treated with iliac MSCs cultured with iliac bone marrow MSC exosomes.Exosomes from jawbone marrow MSCs exhibited more potent effects than that of iliac bone marrow MSCs on osteogenic differentiation of iliac bone marrow MSCs, with significant increase in ALP and alizarin red staining, and upregulation of osteogenic marker (ALP, OSX and RUNX2) expression. Blocking the secretion of exosomes using siRNA for Rab27 inhibited the effect of jawbone marrow MSCs.Liang \[[@bib50]\]2019In a rat critical-sized calvarial defect model, rats treated with exosomes from human BM-MSCs preconditioned with DMOG had more new bone formation, higher BV/TV, and BMD, more new vessel formation with increased staining for CD31, as compared with rats treated with exosomes from BM-MSCs or rats treated with PBS.Exosomes from DMOG-stimulated BM-MSCs had more potent effects on migration and tube formation of HUVECs than that from native MSC exosomes, partly through PTEN downregulation and AKT/mTOR activation.Liao \[[@bib51]\]2019In a rabbit model of osteonecrosis of the femoral head, rabbits treated with miR-122-5p overexpressing MSC exosomes showed reduced necrosis, decreased number of cavities, and displayed significant improvements in the bone parameters including BMD, relative TBV and MTPT of the femoral head, and increased density of CD31^+^ microvessels, as compared with rabbits treated with control exosomes.MiR-122-5p enhanced proliferation and differentiation of osteoblasts (hFOB1.191) by negatively regulating Sprouty2 and activating the RTK/Ras/MAPK pathway.Liu \[[@bib52]\]2017In a rat model of osteonecrosis of femoral head, rats treated with human iPSC-MSC exosomes at 1 ​× ​10^11^ particles/ml had reduced osteonecrosis, improved bone structure parameters including increased BV/TV, bone surface area over bone volume, Tb·Th and Tb·N, and enhanced angiogenesis with increased vessel number and volume, microvessel density and expression of VEGFR2 and CD31, compared with rats treated with 1 ​× ​10^10^ particles/ml of exosomes, followed by rats with no treatment.Human iPSC-MSC exosomes at higher concentration of 1 ​× ​10^11^ particles/ml was more potent than 1 ​× ​10^10^ particles/ml in enhancing proliferation, migration, and tube formation of HUVECs. These angiogenic effects of MSC exosomes were inhibited in the presence of LY294002, implicating the involvement of PI3K/AKT signaling in exosome-induced angiogenesis.Liu \[[@bib53]\]2020In a mouse femoral fracture model, mice treated with exosomes from human UC-MSCs cultured in hypoxic (1% O~2~) condition showed significantly larger callus volume over tissue volume, greater vascularity with higher blood vessel volume and number and proliferative Ki67^+^CD31^+^ endothelial cells in the fracture site, than those treated with exosomes from MSCs cultured in normoxic (21%) condition or mice treated with PBS. These effects of hypoxic MSC exosomes were partly abrogated in the presence of miR-126 inhibitor that resulted reduced callus volume, decreased blood vessel number and Ki67^+^CD31^+^ cells.Hypoxic MSC exosomes promoted proliferation, migration, and tube formation of HUVECs. miR-126 was found upregulated in exosomes from hypoxic MSCs, possibly through HIF-1α, and mediated enhanced angiogenesis through a SPRED1/Ras/Erk pathway.Qi \[[@bib54]\]2016In a rat osteoporotic calvarial defect model, rats treated with 200 ​μg human iPSC-MSC exosomes in β-TCP scaffold had more newly formed bone with higher BV/TV and BMD, greater neovascularization with higher vessel area and number, and more intense staining for OCN and OPN, as compared with rats treated with 100 ​μg exosomes or scaffold alone.Human iPSC-MSC exosomes at higher concentration of 200 ​μg/ml was more potent than 100 ​μg/ml in enhancing proliferation and osteogenic differentiation of osteoporotic rat BM-MSCs.Takeuchi \[[@bib55]\]2019In a rat calvaria defect model, significantly higher amounts of newly formed bone, with increased staining for OCN, VEGF, CD31^+^ cells and CD44^+^ cells were noted in rats treated with human BM-MSC exosomes or MSC CM, as compared with rats treated with PBS or no treatment. These effects of MSC exosomes on angiogenesis and bone regeneration were abolished in the presence of anti-VEGFA antibodyMSC exosomes enhanced cellular migration, osteogenic differentiation, and expression of angiogenesis and osteogenesis-related genes in human BM-MSCs. These effects of MSC exosomes were inhibited in the presence of anti-VEGFA antibody.Xu \[[@bib56]\]2019In a rat model of traumatic osteonecrosis of femoral head, human BM-MSC exosomes with miR-224-3p inhibition ameliorated osteonecrosis, with increased bone viability, coupled with increased protein levels of FIP200 and VEGF, compared with the other groups.miR-224-3p present in MSC exosomes was found downregulated in osteonecrosis of the femoral head. Downregulated miR-224-3p expression enhanced angiogenesis by promoting proliferation, migration, and tube formation of HUVECs through positive regulation of FIP200.Xu \[[@bib57]\]2020In a rat femoral fracture model, rats treated with exosomes from 4-week-old rat BM-MSCs showed more newly formed callus, increased BV/TV, and increased gene expression levels of RUNX2, ALP, and Col I, as compared with rats treated with exosomes from 72-week-old rat bone marrow MSCs or PBS.Exosomes from 4-week-old rat BM-MSCs were more potent than that from 72-week-old rat BM-MSCs in enhancing osteogenic differentiation of MSCs. The miR-128-3p was found upregulated in exosomes from 72-week-old rat BM-MSCs and negatively regulated osteogenesis through Smad5 inhibition.Yang \[[@bib58]\]2020In a rat model of disuse osteoporosis, rats treated with human UC-MSC exosomes showed improvements in bone histology and structural parameters including increased BV/TV, Tb·Th and Tb·N, and decreased Tb·Sp, and reduced apoptosis of bone marrow MSCs with decreased Mob1 and increased YAP expression, as compared with rats treated with PBS. These effects of MSC exosomes were partly recapitulated with miR-1263 mimics but abrogated in the presence of miR-1263 inhibitor.Exosomal miR-1263 could bind to 3′untranslated region of Mob1. The inhibition of Mob1 could activate YAP expression and inhibition of Hippo signaling pathway that reversed the apoptosis of BM-MSCs induced by hind limb unloading.Zhang \[[@bib59]\]2016In a rat calvarial defect model, rats treated with β-TCP scaffold containing 1 ​× ​10^12^ particles/ml of human iPSC-MSC exosomes had more newly formed bone with higher BV/TV and BMD, and more intense staining for OCN, compared with rats treated with β-TCP scaffold with 5 ​× ​10^11^ particles/ml of exosomes, followed by rats treated with scaffold alone.Human iPSC-MSC exosomes promoted migration, proliferation, and osteogenic differentiation of human BM-MSCs, with the higher concentration of 1 ​× ​10^12^ particles/ml having a more potent effect than 5 ​× ​10^11^ particles/ml. The osteogenic effects of MSC exosomes were inhibited in the presence of LY294002, implicating the involvement of PI3K/AKT signaling in exosome-induced osteogenesis.Zhang \[[@bib60]\]2019In a rat fracture model, rats treated with human UC-MSC exosomes delivered in HyStem-HP hydrogel showed larger callus width and volume, improved radiographic scores and bone structural parameters including increased BMD and BV/TV, enhanced vascularization with increased vessel volume and CD31^+^ vessels, as well as significantly enhanced maximum load at failure and bending stiffness, as compared with rats treated with HEK293 exosomes or PBS in hydrogel.Human UC-MSC exosomes enhanced proliferation, migration, and tube formation of HUVECs. These angiogenic effects of MSC exosomes on HUVECs were abrogated by siRNA silencing of HIF-1α.Zhang \[[@bib61]\]2020In a rat fracture non-union model, rats treated with rat BM-MSC exosomes showed accelerated bone healing with more new bone formation, higher radiographic score and BV/TV, increased expression of angiogenesis-related markers including CD31, VEGF, and HIF-1α, and osteogenesis markers including OPN and OGN, BMP-2, Smad1, and RUNX2, and overall improved fracture healing score compared with rats treated with exosome-depleted CM or PBS.Rat BM-MSC exosomes enhanced proliferation and migration of MC3T3-E1Cs and HUVECs, and tube formation of HUVECs. Inhibition of BMP signaling with LDN-193189 or noggin suppressed exosome-induced osteogenesis of MC3T3-E1Cs with reduced mineralization and decreased levels of BMP-2, Smad1, and RUNX2.Zhou \[[@bib62]\]2019In a rat femoral fracture model, rats treated with human UC-MSC exosomes loaded in HyStem-HP hydrogel had significant fracture healing with upregulated expression levels of β-catenin and Wnt3a and osteogenic marker genes including Col I, OPN, and RUNX2 at the fracture site compared with rats treated with PBS-loaded hydrogel or left untreated.NRZuo \[[@bib63]\]2019In a rat irradiation bone loss model, irradiated rats treated with BM-MSCs or derived exosomes exhibited improvements in bone histology and structural parameters including BMD, BV/TV, Tb·Th, Tb·N, and Conn·D compared with rats with irradiation and no treatment.Rat BM-MSC exosomes alleviated oxidative damage, enhanced DNA repair, rescued the inhibition of proliferation, restored the balance in osteogenic and adipogenic differentiation, and decreased the senescence-associated protein expression of BM-MSCs following irradiation.[^4]

3.2. Assessment of quality of studies {#sec3.2}
-------------------------------------

The detailed assessment of the quality of each study was described in [Table 5](#tbl5){ref-type="table"}. All studies had low risk for selection bias secondary to baseline characteristics, detection bias secondary to random outcome assessment, attrition bias, reporting bias, and other bias \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. All studies reported some form of baseline characteristics for the animals used, such as the gender, species or age of the animals used, and were therefore assigned low risk for the domain of baseline characteristics \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. All the studies also reported some form of quantitative outcome ​that was presumably averaged across all the animals studied; therefore, they were assigned as low risk for detection bias in terms of random outcome assessment and for reporting bias \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. None of the animals were reported to have died before the conclusion of the studies, and therefore, the studies were assigned as low risk for attrition bias \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. Seventeen out of 23 studies reported that the allocations of groups were random and were therefore assigned as low risk, though the randomization process was not clearly specified in all but one study \[[@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48],[@bib50],[@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59],[@bib61],[@bib63]\]. The other six studies were classified as unclear risk for the sequence generation bias \[[@bib41],[@bib42],[@bib49],[@bib51],[@bib60],[@bib62]\]. Eight studies reported the housing environment of the animals and were therefore classified as low risk for the random housing domain \[[@bib41],[@bib46],[@bib51],[@bib52],[@bib55],[@bib56],[@bib58],[@bib62]\], whereas the rest of the studies were classified as unclear risk \[[@bib42], [@bib43], [@bib44], [@bib45],[@bib47], [@bib48], [@bib49], [@bib50],[@bib53],[@bib54],[@bib57],[@bib59], [@bib60], [@bib61],[@bib63]\]. Only 1 study reported blinding of the assessors when assessing for the outcomes and were therefore classified as low risk for blinding under detection bias \[[@bib52]\], whereas the rest of the studies were classified as unclear risk \[[@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51],[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. None of the studies reported on allocation concealment and blinding for performance bias; therefore, these were assigned as unclear risk for all studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].Table 5Risk of bias assessed using SYRCLE risk of bias assessment tool.Table 5AuthorYearSelection biasPerformance biasDetection biasAttrition biasReporting biasOtherSequence generationBaseline characteristicsAllocation concealmentRandom housingBlindingRandom outcome assessmentBlindingIncomplete outcome dataSelective outcome reportingOther sources of biasChen \[[@bib41]\]2019Unclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskFuruta \[[@bib42]\]2016Unclear RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskGuo \[[@bib43]\]2016Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskJia \[[@bib44]\]2020Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskKuang \[[@bib45]\]2019Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLi \[[@bib46]\]2017Low RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLi \[[@bib47]\]2018Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLi \[[@bib48]\]2019Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLi \[[@bib49]\]2020Unclear RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLiang \[[@bib50]\]2019Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLiao \[[@bib51]\]2019Unclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLiu \[[@bib52]\]2017Low RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskLow RiskLow RiskLiu \[[@bib53]\]2020Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskQi \[[@bib54]\]2016Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskTakeuchi \[[@bib55]\]2019Low RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskXu \[[@bib56]\]2019Low RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskXu \[[@bib57]\]2020Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskYang \[[@bib58]\]2020Low RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskZhang \[[@bib59]\]2016Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskZhang \[[@bib60]\]2019Unclear RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskZhang \[[@bib61]\]2020Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskZhou \[[@bib62]\]2019Unclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow RiskZuo \[[@bib63]\]2019Low RiskLow RiskUnclear RiskUnclear RiskUnclear RiskLow RiskUnclear RiskLow RiskLow RiskLow Risk

3.3. Animal models {#sec3.3}
------------------

Six types of animal models were used across the 23 studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. These included seven studies which used critical-size calvaria defect models \[[@bib41],[@bib47],[@bib49],[@bib50],[@bib54],[@bib55],[@bib59]\], seven studies which used osteonecrosis models \[[@bib43],[@bib45],[@bib46],[@bib48],[@bib51],[@bib52],[@bib56]\], six studies which used fracture models \[[@bib42],[@bib53],[@bib57],[@bib60], [@bib61], [@bib62]\], two studies which used osteoporosis models \[[@bib54],[@bib58]\], one study that used a distraction osteogenesis model \[[@bib44]\], and one study that used irradiation-induced bone loss model \[[@bib63]\]. Qi et al. employed both the critical-size bone defect and osteoporosis in their animal model and was therefore counted in both types of models \[[@bib54]\]. Regardless of the models, all studies demonstrated therapeutic efficacy in bone regeneration with MSC exosomes \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

3.4. Source of exosomes {#sec3.4}
-----------------------

Seventeen studies used human MSC exosomes \[[@bib41], [@bib42], [@bib43],[@bib45],[@bib47], [@bib48], [@bib49], [@bib50],[@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib58], [@bib59], [@bib60],[@bib62]\], four studies used rat MSC exosomes \[[@bib44],[@bib57],[@bib61],[@bib63]\], and two studies used rabbit MSC exosomes \[[@bib46],[@bib51]\]. Sources of human exosomes included bone marrow MSCs \[[@bib42],[@bib49],[@bib50],[@bib55],[@bib56]\], adipose MSCs \[[@bib41],[@bib47]\], synovial MSCs \[[@bib43]\], umbilical cord MSCs \[[@bib45],[@bib48],[@bib53],[@bib58],[@bib60],[@bib62]\], and pluripotent stem cell-derived MSCs \[[@bib52],[@bib54],[@bib59]\], whereas rat and rabbit exosomes were solely from bone marrow MSCs \[[@bib44],[@bib46],[@bib51],[@bib57],[@bib61],[@bib63]\]. Regardless of the source of exosomes, all studies demonstrated therapeutic efficacy with MSC exosomes in bone regeneration \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

In comparing the different sources of exosomes, Furuta et al. added exosomes derived from human osteosarcoma cell line as a comparison group to exosomes derived from human bone marrow MSCs \[[@bib42]\]. They noted that while exosomes from human bone marrow MSCs could promote callus formation at the fracture site 10 days after fracture, exosomes from the human osteosarcoma cell line failed to promote callus formation \[[@bib42]\]. Similarly, Zhang et al. noted superior therapeutic effects of human umbilical cord MSC exosomes over that of exosomes derived from human embryonic kidney 293 (HEK293) cells on fracture healing \[[@bib60]\]. In that study, rats treated with human umbilical cord MSC exosomes showed accelerated fracture healing with larger callus formation, increased bone volume and mineral density, and enhanced vascularization with increased CD31^+^ vessels, as compared with rats treated with exosomes from HEK293 ​cells \[[@bib60]\]. Two other studies compared the MSC exosomes of different anatomical origin and age \[[@bib49],[@bib57]\]. Li et al. comparatively evaluated the MSC exosomes derived from jawbone and iliac bone marrow ​and found that the bone marrow MSC exosomes from the jawbone were more efficacious in promoting osteogenesis of transplanted iliac MSCs in bone regeneration \[[@bib49]\]. In another study, Xu et al. compared between exosomes derived from MSCs of young vs. old rats and noted in a femoral fracture model that rats treated with exosomes from 4-week-old rat bone marrow MSCs showed more newly formed callus, increased bone volume, and increased gene expression levels of runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP), and type I collagen, as compared with rats treated with exosomes from 72-week-old rat bone marrow MSCs or phosphate buffered saline (PBS) \[[@bib57]\].

3.5. Isolation and characterization of exosomes {#sec3.5}
-----------------------------------------------

Most of the studies employed ultracentrifugation-based methods for isolation of EVs/exosomes \[[@bib41], [@bib42], [@bib43], [@bib44],[@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55],[@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. Three studies used commercially available exosome isolation kits \[[@bib45],[@bib46],[@bib56]\]. For characterization, nanoparticle tracking analysis, transmission electron microscopy, and western blotting were frequently being performed for analysis of size distribution, morphology, and presence of exosome-associated markers, respectively. Despite some variability among the studies, the isolated MSC exosomes generally appeared as bi-lipid membrane structures under transmission electron microscope, displayed a size distribution range of approximately 30--150 ​nm, and possessed exosome-associated markers such as endosomal proteins TSG101 and ALIX, and tetraspanins CD9, CD63, and CD81 \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. It is however important to note that the EV/exosome preparations were largely heterogenous with variable level of undetermined purity ​that could influence the outcomes in downstream functional studies. Ten studies \[[@bib43], [@bib44], [@bib45],[@bib50],[@bib53],[@bib55],[@bib57], [@bib58], [@bib59],[@bib63]\] reported storage of the isolated exosomes at −80°C until use. Although the period of storage and the use of any cryo-preservatives were not specified, the storage did not appear to affect the functions of the isolated MSC exosomes in those studies. This observation suggests that MSC exosomes may hold promise for a cell-free off-the-shelf therapeutic strategy.

3.6. Concentration of exosomes {#sec3.6}
------------------------------

A wide range of concentration of exosomes were employed across the different studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. Of these, three studies compared the therapeutic efficacy with regard ​to the concentration of exosomes \[[@bib52],[@bib54],[@bib59]\]. In regeneration of critical-size calvaria defects, Qi et al. compared between 100 and 200 ​μg of exosomes, whereas Zhang et al. compared between 5 ​× ​10^11^ and 1 ​× ​10^12^ particles/mL of exosomes blotted onto β-TCP scaffolds \[[@bib54],[@bib59]\]. Both studies similarly identified that the amount of newly formed bone, bone mineral density (BMD), bone volume fraction, area of neovascularization, amount of newly formed vessels, percentages of tetracycline, alizarin red and calcein labeling, as well as extent of osteocalcin (OCN) and osteopontin staining were proportional to the concentration of exosomes, with higher concentrations of exosomes demonstrating greater therapeutic efficacy \[[@bib54],[@bib59]\]. Similarly, in a rat model of osteonecrosis of the femoral head, rats treated with MSC exosomes at 1 ​× ​10^11^ particles/mL had reduced necrotic tissues, increased new bone formation with improved structural parameters, and enhanced vascularization with increased expression of vascular endothelial growth factor receptor 2 ​and CD31 ​compared with rats treated with 1 ​× ​10^10^ particles/mL of exosomes, followed by rats with no treatment \[[@bib52]\]. Although a higher dose/concentration of exosomes is generally in favor of relatively better bone regeneration, none of the studies have demonstrated the optimal concentration of exosomes for their animal models \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

3.7. Delivery of exosomes {#sec3.7}
-------------------------

All the studies delivered the exosomes using either scaffolds, injections, or both \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. A variety of biomaterial scaffolds, ranging from hyaluronic acid (HA)-based hydrogels and collagen sponges to HAp and TCP ceramics have been studied as carriers for delivery of exosomes \[[@bib41],[@bib47], [@bib48], [@bib49], [@bib50],[@bib54],[@bib55],[@bib59],[@bib60],[@bib62]\]. Various routes of administration that ranged from implantation of scaffold with exosomes to direct intravenous or intramuscular injections of exosomes have also been explored \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

All the studies that compared between scaffold delivery of exosomes and scaffolds alone reported superior therapeutic outcomes in bone regeneration with scaffold delivery of exosomes \[[@bib41],[@bib47],[@bib49],[@bib50],[@bib54],[@bib55],[@bib59],[@bib60],[@bib62]\]. It was noted that the addition of MSC exosomes into scaffolds promoted more extensive neovascularization \[[@bib50],[@bib54],[@bib55],[@bib60]\] and robust bone formation with improved histological and structural parameters \[[@bib41],[@bib47],[@bib49],[@bib50],[@bib54],[@bib55],[@bib59],[@bib60],[@bib62]\].

In terms of frequency of treatment, there are several studies that applied single scaffold implantation with exosomes \[[@bib41],[@bib47], [@bib48], [@bib49], [@bib50],[@bib54],[@bib55],[@bib59],[@bib60],[@bib62]\] or single injection of exosomes \[[@bib43],[@bib46],[@bib51], [@bib52], [@bib53],[@bib56],[@bib57],[@bib61],[@bib63]\]. There are also studies that applied multiple injections \[[@bib42],[@bib44],[@bib45]\]. None of the studies have however compared the efficacy of different biomaterial scaffolds or varying exosome treatment frequencies for bone regeneration in their animal models. Clearly, an optimal delivery method and/or frequency of exosome treatment remain to be determined, which will require optimization for a specific bone injury/disease indication.

3.8. Morphological outcomes {#sec3.8}
---------------------------

Morphological analyses were mainly performed by micro-computed tomography (micro-CT) or X-ray examination. Majority of the studies reported the morphological outcomes of bone regeneration with MSC exosomes \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47],[@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55],[@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. Morphologically, rats, mice or rabbits treated with MSC exosomes demonstrated new bone formation, with improvements in the bone structural parameters such as increased BMD, increased bone volume (BV), increased bone volume over total volume (BV/TV), increased trabecular thickness (Tb·Th), increased trabecular number (Tb·N), and decreased trabecular separation (Tb·Sp) after exosome treatment \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47],[@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55],[@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

3.9. Biomechanical outcomes {#sec3.9}
---------------------------

Biomechanical outcomes were reported in two studies \[[@bib44],[@bib60]\]. Jia et al. used a distraction osteogenesis model and loaded the tibia of the rats treated in the anterior-posterior direction at a loading rate of 1 ​mm/min until failure, and it was noted that rats treated with exosomes had greater ultimate load and greater energy to failure as compared with rats treated with PBS \[[@bib44]\]. Zhang et al. employed a rat fracture model and performed biomechanical testing using a quasistatic 3-point bending test where a bending load was applied at a crosshead speed of 1.5 ​mm/min until fracture, and it was noted that as early as 2 weeks posttreatment, the MSC exosome group had significantly enhanced maximum load at failure and bending stiffness as compared with the control groups \[[@bib60]\].

3.10. Histological outcomes {#sec3.10}
---------------------------

Histological outcomes following exosome treatment were reported in 21 studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib58], [@bib59], [@bib60], [@bib61],[@bib63]\]. In calvaria defect model, the presence of newly formed bone tissue was generally observed in the center and along the defect margins in rats or mice treated with exosomes \[[@bib41],[@bib47],[@bib49],[@bib50],[@bib54],[@bib55],[@bib59]\]. Osteoblast-like cells and infiltration of neutrophils were noted in the defect margins in the early stages, with the formation of bone bridge with osteocytes and vasculature in the later stage \[[@bib55]\]. This was as opposed to the presence of fibrous tissues in the control groups \[[@bib41],[@bib47],[@bib49],[@bib50],[@bib54],[@bib55],[@bib59]\]. Among these, three studies performed trichromatic sequential fluorescent labeling to facilitate identification of the newly formed bone, and groups treated with MSC exosomes were found to demonstrate greater percentages of tetracycline, alizarin red, and calcein labeling than those groups treated with scaffolds only \[[@bib50],[@bib54],[@bib59]\].

In the osteonecrosis models, rats and rabbits treated with exosomes also demonstrated well-organized and denser trabecular bone, increased number of osteocytes distributed in the trabeculae, increased presence of proliferative cells, decreased number of vacuum clefts or empty lacunae, reduced amounts of necrotic tissues with decreased number of apoptotic cells, and lesser adipose tissues \[[@bib43],[@bib45],[@bib46],[@bib48],[@bib51],[@bib52],[@bib56]\]. This stands in contrast to animals in the control groups which had mostly necrotic tissue with large amounts of osteolysis accompanied by disorganized and sparse trabecular bone \[[@bib43],[@bib45],[@bib46],[@bib48],[@bib51],[@bib52],[@bib56]\].

In the fracture models, there was enhanced callus formation and bony union in rats or mice treated with exosomes as compared with the control groups \[[@bib42],[@bib53],[@bib60],[@bib61]\]. The newly formed bone in the exosome groups demonstrated accelerated formation of hypertrophic chondrocytes and woven bone as opposed to the formation of substantial fibrous tissue in the control groups \[[@bib42]\].

In the osteoporotic model, rats treated with exosomes had enhanced bone healing irrespective of inhibition by osteoporosis \[[@bib54],[@bib58]\]. Additionally, the new bone formed was found to be profoundly remodeled \[[@bib54],[@bib58]\]. In contrast, control rats without exosome treatment demonstrated bone loss with minimal mineralization and bone formation \[[@bib54],[@bib58]\].

Twelve studies evaluated the extent of neovascularization with exosome treatment during bone regeneration \[[@bib42],[@bib46],[@bib48],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib60],[@bib61]\]. Immunohistochemical staining for vascular markers, including CD31, vascular endothelial growth factor (VEGF), and α-smooth muscle actin (α-SMA) for vascular endothelial cells and vessels, and Microfil perfusion followed by micro-CT analysis were frequently performed in these studies to assess neovascularization during bone regeneration \[[@bib42],[@bib46],[@bib48],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib60],[@bib61]\]. In these studies, rats, mice, or rabbits treated with exosomes showed enhanced neovascularization histologically as compared with the control groups \[[@bib42],[@bib46],[@bib48],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib60],[@bib61]\]. This is evidenced by the increased tissue vascularity and abundance of newly formed vessels, along with increases in vessel volume, number, density, thickness, and branches in the fracture sites or bone defects in the animals treated with exosomes \[[@bib42],[@bib46],[@bib48],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib60],[@bib61]\].

3.11. Cell survival, proliferation, and migration {#sec3.11}
-------------------------------------------------

Upon bone injury/disease, there is perturbation of tissue homeostasis with excessive inflammation resulting in cellular apoptosis, matrix degradation, and bone loss. Enhancing cell survival, proliferation, and migration are therefore fundamentally important to restore the cell number and function to facilitate bone repair and regeneration. For instance, in a rat model of glucocorticoid-induced osteonecrosis, human synovial MSC exosomes alleviated bone loss and apoptosis, as demonstrated by improvements in bone histology and microstructure, along with decrease in terminal dUTP nick end labeling (TUNEL)^+^ apoptotic cells and parallel increase in Ki67^+^ proliferative cells \[[@bib43]\]. Similarly, Kuang et al. observed therapeutic efficacy of human umbilical cord MSC exosomes in osteonecrosis and attributed the antiapoptotic and prosurvival effects of MSC exosomes to miR-21-mediated PTEN (phosphatase and tensin homolog) downregulation and AKT (protein kinase B) phosphorylation \[[@bib45]\]. In a rat model of disuse osteoporosis, human umbilical cord MSC exosomes reportedly improved the bone histological and structural parameters including increased BV/TV, Tb·Th, and Tb·N ​and decreased Tb·Sp ​and reduced apoptosis of bone marrow MSCs with Mob1 suppression, resulting in increased expression of yes-associated protein ​and inhibition of Hippo signaling pathway, as compared with PBS-treated rats \[[@bib58]\]. These effects of MSC exosomes were partly recapitulated with miR-1263 mimics but abrogated in the presence of miR-1263 inhibitor \[[@bib58]\].

These in vivo findings were supported by in vitro findings for cell survival, proliferation, and migration. Seventeen studies reported positive effects of MSC exosomes on proliferation and/or migration of a wide variety of cell types including osteoblasts, osteocytes, MSCs, and endothelial cells in vitro \[[@bib43], [@bib44], [@bib45], [@bib46], [@bib47],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib58], [@bib59], [@bib60], [@bib61],[@bib63]\]. Among these, 3 studies also observed antiapoptotic effects of MSC exosomes on osteocytes and bone marrow MSCs \[[@bib43],[@bib45],[@bib58]\]. Collectively, MSC exosomes exert potent effects on cell survival, proliferation, and migration to promote bone regeneration.

3.12. Osteogenesis {#sec3.12}
------------------

As earlier mentioned, all studies reported therapeutic efficacy of MSC exosomes in bone regeneration, as demonstrated in their morphological, biomechanical, and/or histological outcomes \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. In understanding the process of bone development and formation, commonly known as osteogenesis, several studies have also further investigated the role of MSC exosomes in osteogenesis in cell culture studies \[[@bib41],[@bib44],[@bib47],[@bib49],[@bib51],[@bib54],[@bib55],[@bib57],[@bib59],[@bib61],[@bib63]\].

Consistent with the therapeutic outcome in bone regeneration in vivo, MSC exosomes were observed to enhance osteogenic differentiation of cell types such as bone marrow MSCs, osteoblasts, and osteocytes in vitro, with increases in ALP activity, mineralization and expression of osteogenesis-related markers such as OCN and RUNX2 \[[@bib41],[@bib44],[@bib47],[@bib49],[@bib54],[@bib55],[@bib57],[@bib59],[@bib61],[@bib63]\].

In understanding the mechanism of action of MSC exosomes in osteogenesis and bone regeneration, six studies reportedly identified mitogen-activated protein kinase, phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), BMP/Smad, and Wnt/β-catenin signaling pathways in regulating exosome-induced osteogenesis \[[@bib51],[@bib57],[@bib59],[@bib61], [@bib62], [@bib63]\]. For instance, Zhang et al. reported that human iPSC-MSC exosomes promoted osteogenic differentiation of human bone marrow MSCs, with the higher concentration of 1 ​× ​10^12^ particles/mL, having a more potent effect than 5 ​× ​10^11^ particles/mL. The osteogenic effects of MSC exosomes were inhibited in the presence of LY294002, implicating the involvement of PI3K/AKT signaling in exosome-induced osteogenesis \[[@bib59]\]. In another study, rat bone marrow MSC exosomes promoted osteogenic differentiation and mineralization of MC3TE-E1 osteoblasts, but these effects were abolished by BMP-2 inhibitors noggin and LDN193189, implicating the role of BMP/Smad signaling pathway in exosome-induced osteogenesis \[[@bib61]\]. Indeed, the identification of multiple signaling pathways activated in exosome-induced osteogenesis and bone regeneration is not surprising and could be attributed to the rich protein cargo of MSC exosomes carrying \>850 proteins including transforming growth factor-β, insulin growth factor, platelet-derived growth factor ​and growth differentiation factor ​\[[@bib28],[@bib67],[@bib68]\].

3.13. Angiogenesis {#sec3.13}
------------------

Osteogenesis is closely related to vascularization through communication between vascular endothelial cells and osteoblasts, and adequate vascularization is critical for promoting bone regeneration. Twelve studies investigated the effects of MSC exosomes on angiogenesis and observed positive correlation with enhanced osteogenesis during bone regeneration \[[@bib42],[@bib46],[@bib48],[@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56],[@bib60],[@bib61]\]. Angiogenic factors including VEGF and hypoxia-inducible factor-1α (HIF-1α) were found elevated along with increase in CD31^+^ endothelial cells and vessel formation that led to more new bone formation at the defect site \[[@bib48],[@bib52],[@bib55],[@bib56],[@bib61]\].

The role of HIF-1α/VEGF pathway is well-established in angiogenesis. On this note, HIF-1α and VEGF were identified as important angiogenic regulators of MSC exosomes in bone regeneration \[[@bib46],[@bib55],[@bib60]\]. Zhang et al. demonstrated that human umbilical cord MSC exosomes enhanced proliferation, migration, and tube formation of human umbilical vein endothelial cells (HUVECs). These angiogenic effects of MSC exosomes on HUVECs were abrogated by siRNA silencing of HIF-1α \[[@bib60]\]. To enhance the angiogenic effects of MSC exosomes, Li et al. showed that HIF-1α overexpressing MSC exosomes had a relatively higher level of exosomal HIF-1α protein and were more potent than the wild-type MSC exosomes in enhancing osteogenic differentiation of bone marrow MSCs, as well as migration and tube formation of HUVECs \[[@bib46]\]. In a rabbit model of osteonecrosis of the femoral head, animals treated with HIF-1α overexpressing MSC exosomes had enhanced trabecular tissue regeneration with more newly formed cartilage and bone, lesser necrotic and adipose tissues, and higher density of CD31^+^ microvessels, as compared with rabbits treated with wild-type MSC exosomes \[[@bib46]\]. Separately, Takeuchi et al. \[[@bib55]\] investigated the role of VEGF in MSC exosome-induced angiogenesis and noted that while rats treated with exosomes had increased amounts of newly formed bone, rats treated with exosomes and angiogenesis inhibitor (anti-VEGFA antibody) had significantly decreased amounts of new bone formed, which was even lower than rats treated with PBS \[[@bib55]\]. Evidently, in the presence of anti-VEGFA, there was suppressed angiogenesis with decreased numbers of VEGF^+^ and CD31^+^ endothelial cells, reduced mobilization of endogenous MSCs as detected by CD44 ​and reduced bone formation \[[@bib55]\]. Collectively, these findings suggest the role of HIF-1α and VEGF in angiogenesis critical for effective bone regeneration \[[@bib46],[@bib55],[@bib60]\].

MicroRNAs such as miR-126 and miR-224-3p have also reportedly regulated the angiogenic effects of MSC exosomes in bone regeneration \[[@bib53],[@bib56]\]. For instance, Liu et al. identified miR-126 as a candidate molecule mediating the angiogenic effects of MSC exosomes in bone regeneration \[[@bib53]\]. In their study, miR-126 was upregulated in exosomes possibly through the actions of HIF-1α in human umbilical cord MSCs cultured in hypoxic (1% O~2~) condition \[[@bib53]\]. Relative to exosomes from MSCs cultured in normoxic (21% O~2~) condition, hypoxic MSC exosomes enriched with miR-126 demonstrated a more potent angiogenic effect in bone regeneration, with increased numbers of proliferative Ki67^+^CD31^+^ endothelial cells and blood vessels ​and more callus formation in a mouse femoral fracture model \[[@bib53]\]. Inhibition of miR-126 was found to partially abolish these angiogenic effects of hypoxic MSC exosomes in bone regeneration \[[@bib53]\]. In another study, Xu et al. found another molecule miR-224-3p present in bone marrow MSC exosomes to be downregulated in osteonecrosis of the femoral head \[[@bib56]\]. In that study, MSC exosomes with miR-224-3p inhibition ameliorated osteonecrosis by enhancing angiogenesis, coupled with upregulation of focal adhesion kinase family interacting protein of 200 ​kDa (FIP200) and VEGF. Consistently, downregulated miR-224-3p expression enhanced proliferation, migration, and tube formation of HUVECs through upregulation of FIP200 \[[@bib56]\].

4. Discussion {#sec4}
=============

The principal finding of this systematic review is that MSC exosomes are therapeutically efficacious in bone regeneration. This therapeutic efficacy of MSC exosomes in bone regeneration is demonstrated by the formation of new bone with supporting vasculature and improved morphological, biomechanical, and histological outcomes, in the studies reviewed \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

Six different animal models of bone defects and diseases were used in these studies to evaluate the therapeutic efficacy of MSC exosomes for bone regeneration. These included animal models of calvaria defects, fractures, distraction osteogenesis, osteoporosis, osteonecrosis, and irradiation-induced bone loss ​that reflect the various clinical conditions that could result in bone defects or bone loss, including trauma, degeneration, congenital deformities, tumor resections and idiopathic conditions \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. Through this systematic review, it was noted that irrespective of the models used, MSC exosomes were found to exhibit prolific therapeutic efficacy in bone regeneration for the various bone defects and diseases, and no adverse effects associated with the use of MSC exosomes were reported from those studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

Despite the therapeutic efficacy of MSC exosomes, several factors/variables have been identified to likely influence the outcome of intervention with the use of MSC exosomes for bone regeneration. These factors included primarily the source and dosage/concentration of MSC exosomes. With regards to the source of exosomes, the anatomical origin and developmental age of the tissues for isolation of MSCs reportedly influenced the potency of MSC exosomes for bone regeneration \[[@bib49],[@bib57]\]. The culture condition of MSCs also affects the potency of isolated exosomes. By means of preconditioning with small molecules such as dimethyloxaloylglycine ​\[[@bib50]\] or hypoxia stimulation \[[@bib53]\], these studies demonstrated that such culture manipulation of MSCs could enhance the potency of MSC exosomes in angiogenesis and henceforth promote bone regeneration. Alternatively, genetic manipulation/modification of MSCs by overexpressing certain factors such as HIF-1α \[[@bib46]\] or miRNAs such as miR-375 \[[@bib41]\], and miR-122-5p \[[@bib51]\] also proved to be a viable strategy to investigate the role of the specific factor or miRNA, in efforts to engineer MSC exosomes to possess the desired therapeutic properties for bone regeneration.

The dosage/concentration of MSC exosomes represented another factor or variable that would need to be considered and ideally tested. Although higher concentrations of MSC exosomes were demonstrated to be more efficacious in enhancing bone regeneration \[[@bib52],[@bib54],[@bib59]\], the optimal concentration of exosomes remains to be determined. Similarly, the use of scaffold, delivery route, and frequency of treatment were factors/variables identified that would likely influence the therapeutic outcome of MSC exosomes in bone regeneration and need to be carefully considered, if not ideally tested. However, none of the studies have systematically evaluated these variables to determine the optimal scaffold, delivery route, and/or frequency of exosome treatment, which would likely require optimization for a specific bone defect/disease.

While the exact mechanisms by which MSC exosomes exerted their therapeutic effects for bone regeneration remain to be elucidated, it could be noted from this systematic review of 23 studies that MSC exosomes work through a multifaceted mechanism in bone regeneration by enhancing cell survival, proliferation, and migration, and promoting osteogenesis and angiogenesis ([Fig. 4](#fig4){ref-type="fig"}) \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. This multifaceted mechanism of action of MSC exosomes in bone regeneration could be attributed to the rich diverse cargo of nucleic acids, proteins, and lipids \[[@bib67],[@bib69]\]. Given the well-established immunomodulatory properties of MSCs, previous transcriptomics and proteomics profiling of MSC EVs/exosomes have also revealed an enrichment of growth factors and cytokines involved in immunomodulation \[[@bib70], [@bib71], [@bib72], [@bib73]\]. However, in the 23 studies reviewed \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\], none have examined the immunomodulatory effects of MSC exosomes on bone regeneration. This clearly reflects the nascent state of our understanding of the therapeutic mechanisms of MSC exosomes, particularly their immunomodulatory activities and mechanisms in bone repair and regeneration, that would require further investigation.Fig. 4MSC exosomes alleviate the pathological processes in bone injury/disease to promote regeneration through a multifaceted mechanism of enhancing cell survival, proliferation and migration, and promoting osteogenesis and angiogenesis. MSC, mesenchymal stem cell.Fig. 4

Indeed, it could be concluded that while MSC exosomes were promising therapeutic agents, the research on the efficacy of MSC exosomes on bone regeneration is still in its infancy. All the studies included in the review were conducted on small animals including rats, mice, and rabbits, and none of the studies have managed to progress to large animal studies \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\]. The identification of the key factors/variables that could influence the therapeutic outcome of MSC exosomes ​and the improved understanding of the mechanism of action of these therapeutic exosomes on bone regeneration, as summarized in this timely review, would undoubtedly shed light to facilitate the planning and execution of further studies to advance the research in this field \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63]\].

Additionally, the review has identified that despite the presence of guidelines intended to improve the reporting of research using animals, such as the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, the reporting of the methodology in many of the studies could still be greatly improved \[[@bib66],[@bib74]\]. This was because while most of the studies included in the review appeared to be methodologically sound, the SYRCLE risk of bias assessment tool had classified all the studies to have unclear risk for some of the domains analyzed owing to the lack of proper reporting of the methodology in the publications \[[@bib66],[@bib74]\]. The review then highlighted and emphasized the importance of the adherence to the ARRIVE guidelines in future publications ​to improve the credibility and reliability of these studies ​and to allow other researchers to stand on the shoulders of previous researchers to advance the field of MSC exosomes in bone regeneration.

Our systematic review faced several limitations. First, the level of evidence of the review was limited by the quality of the studies included. The lack of proper documentation of the methodology of the studies, including the randomization process, the housing environment of the animals, the allocation concealment, and the blinding for performance and outcome assessment had rendered the studies to be at risk of bias according to the SYRCLE risk of bias assessment tool. As such, more detailed documentation of the methodology should be performed in future studies to improve the credibility and reliability of the studies. Second, the power of the review was also limited by the fact that the research on therapeutic efficacy of MSC exosomes for bone regeneration was still in its infancy, as the studies are largely limited to small animal models. Further efforts to progress to clinically relevant large animal models ​and ultimately to clinical studies would therefore be useful to advance the field of MSC exosomes for bone regeneration. Third, there was insufficient evidence across studies to support a particular source and/or concentration of exosomes, or a specific scaffold and/or delivery route over the others, that would likely depend on the specific bone/disease indication, and further studies would need to be performed to address these factors/variables. Finally, the relative heterogeneity in the assessment and reporting of outcomes in the various studies precluded more rigorous analysis of the studies. Owing to the lack of uniform reporting of the outcomes, especially quantitatively, further analysis in the form of pooling of the results via meta-analysis could not be performed in the current review. Therefore, it would be vital for further efforts to be made to standardize the reporting of the methodology and outcomes of these studies, so that more robust conclusions can be drawn from the studies.

5. Conclusion {#sec5}
=============

In this review, we systematically assessed the existing preclinical animal studies and broadly demonstrated the effectiveness of MSC exosomes for bone regeneration in animal models of bone defects and diseases such as osteonecrosis and osteoporosis. The findings obtained support the basis for clinical translation of MSC exosomes as a ready-to-use cell-free MSC therapeutic for bone regeneration.
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[^1]: NR, not reported; NZ, New Zealand; SD, Sprague Dawley; C57BL/6, C57 black 6; WT, wild type; BALB/c, Bagg Albino.

[^2]: NR, not reported; MSC, mesenchymal stem cells; BM-MSC, bone marrow mesenchymal stem cell; UC-MSC, umbilical cord mesenchymal stem cell; ESC-MSC, embryonic stem cell-derived mesenchymal stem cell; EV, extracellular vesicle; iPSC-MSC, induced pluripotent stem cell-derived mesenchymal stem cells; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy; TRPS, tunable resistive pulse sensing, WB, western blotting.

[^3]: NR, not reported; NA, not applicable; MSCs, mesenchymal stem cells; BM-MSC, bone marrow mesenchymal stem cell; UC-MSCs, umbilical cord mesenchymal stem cells; iPSC-MSCs, induced pluripotent stem cell-derived mesenchymal stem cells; HEK293, human embryonic kidney 293; SD, Sprague Dawley; WT, wild type; PLGA, poly-lactic-*co*-glycolic acid; pDA, poly-dopamine; PLGA/pDA, PLGA scaffold coated with poly-dopamine; HAp, Hydroxyapatite; HA/HAp/HP, hydrogel based on thiol-modified hyaluronan, hydroxyapatite and thiol-modified heparin; HyStem-HP, hydrogel based on thiol-modified hyaluronan, gelatin and heparin; β-TCP, Beta-tricalcium phosphate; PBS, phosphate-buffered saline; CM, conditioned medium; DMOG, dimethyloxaloylglycine; HIF-1α, hypoxia inducible factor-1α; VEGFA, vascular endothelial growth factor A.

[^4]: NR, not reported; OCN, osteocalcin; OPN, osteopontin; OGN, osteoglycin; BMP-2, bone morphogenetic protein-2; IGFBP3, insulin-like growth factor binding protein 3; OS, osteosarcoma; CM, conditioned medium; PBS, phosphate buffered saline; BMD, bone mineral density; BV/TV, bone volume per tissue volume; Tb·Th, trabecular thickness; Tb·N, trabecular number; Tb·Sp, trabecular separation; TBV, trabecular bone volume; MTPT, mean trabecular plate thickness; Conn·D, connective density; TRAP, tartrate-resistant acid phosphatase; α-SMA, α-smooth muscle actin; AKT, protein kinase B; CD31, cluster of differentiation 3; DMOG, dimethyloxaloylglycine; YAP, yes associated protein; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; FIP200, family kinase interacting protein of 200 ​kDa; HIF-1α, hypoxia-inducible factor 1α; RUNX2, runt-related transcription factor 2; iPSC; induced pluripotent stem cell; MSCs, mesenchymal stem cells; BM-MSC, bone marrow mesenchymal stem cell; UC-MSC, umbilical cord mesenchymal stem cell; ESC-MSC, embryonic stem cell-derived mesenchymal stem cell; iPSC-MSCs, induced pluripotent stem cell-derived mesenchymal stem cells; ALP, alkaline phosphatase; Col 1, type I collagen; VEGFA, vascular endothelial growth factor A; MAPK, mitogen-activated protein kinase; RTK, receptor tyrosine kinase; hFOB, human fetal osteoblasts; OS, Osteosarcoma; HEK293, human embryonic kidney 293; HUVECs, human umbilical vein endothelial cells.
